Purpose of Review Bone is a structurally unique microenvironment that presents many challenges for the development of 3D models for studying bone physiology and diseases, including cancer. As researchers continue to investigate the interactions within the bone microenvironment, the development of 3D models of bone has become critical. Recent Findings 3D models have been developed that replicate some properties of bone, but have not fully reproduced the complex structural and cellular composition of the bone microenvironment. This review will discuss 3D models including polyurethane, silk, and collagen scaffolds that have been developed to study tumor-induced bone disease. In addition, we discuss 3D printing techniques used to better replicate the structure of bone. Summary 3D models that better replicate the bone microenvironment will help researchers better understand the dynamic interactions between tumors and the bone microenvironment, ultimately leading to better models for testing therapeutics and predicting patient outcomes.
Introduction
Tumor cells frequently reside in the bone microenvironment due to primary (osteosarcomas), invasive (melanoma, myeloma), or metastatic disease (breast, prostate, lung, and renal cancers). Once tumors establish in bone, they interact with the physical microenvironment as well as the resident bone cells to cause bone destruction known as tumor-induced bone disease. While these interactions have been well-established by in vitro and in vivo studies, it has been challenging to investigate dynamic tumorbone interactions due to a lack of appropriate 3D models. Thus, many groups have developed new models for studying tumorinduced bone disease that use both tumor cells and bone-resident cells (osteoblasts, osteoclasts). The development of these models has relied heavily on collaborations between biologists, clinicians, and engineers. These 3D models have allowed scientists to better understand the signaling pathways that drive tumorinduced bone disease, the interactions between different cell types, and the influence of the physical bone microenvironment. Furthermore, these models can serve as valuable platforms for the discovery and development of novel therapeutics to target tumors in bone. In this review, we will briefly discuss common 3D culture methods used in cancer research (hydrogels, spheroids) while focusing on current 3D models for studying bone and tumor metastasis to bone, specifically tissue-engineered constructs (TECs).
3D Cancer Models
Since its development in the late nineteenth century, cell culture has remained an important tool for both basic biology and medical research, including cancer research. Most adherent tumor cells are cultured as a monolayer on two-dimensional (2D) substrates made of polystyrene plastic or glass. Although 2D culture systems are widely used in cancer research, an increasing body of evidence has shown that 2D cell culture does not adequately replicate the complex interactions and spatial organization of cells in the three-dimensional (3D) tumor microenvironment. Moreover, tumor cell behavior (proliferation, migration, gene expression) and response to drug treatment can differ dramatically in conventional 2D culture compared to in vivo cellular responses [1] [2] [3] . To address some of these limitations, several 3D cell culture systems have been developed in the last few decades, and the adoption of these methods in cancer cell biology is rapidly increasing. Cancer cells grown in 3D more closely resemble those in the tumor microenvironment and thus have more physiologically relevant responses. To date, the most common 3D cell culture methods in cancer research include extracellular matrix (ECM)-based hydrogels and tumor spheroids.
Hydrogels
Due to their soft tissue-like properties, hydrogels have been increasingly used to mimic the 3D extracellular matrix (ECM) of solid tumors including breast, prostate, lung, and colorectal cancers [4] [5] [6] [7] . Hydrogels are comprised of crosslinked polymer networks derived from natural or synthetic materials. Natural hydrogels are typically formed from ECM proteins like collagen, laminin, and fibrin as well as other matrix components like hyaluronic acid [8, 9] . Collagen type I is a commonly used natural hydrogel since it is the most abundant ECM protein in tumor stroma and has been shown to support tumor growth and increase the expression of genes promoting malignant phenotypes [10, 11] . The commercially available Corning® Matrigel® matrix is perhaps the most widely used natural ECM-based hydrogel for 3D culture of tumor cells in vitro. Matrigel® is a reconstituted basement membrane isolated from murine Engelbreth-Holm-Swarm (EHS) sarcoma which contains various ECM proteins (e.g., laminin, collagen IV, heparin sulfate proteoglycans) and endogenous growth factors (e.g., TGF-β, EGF, IGF-1, PDGF) [12] . These gels are highly biocompatible and not only modulate tumor cell viability, proliferation, adhesion, and motility but also sensitivity to therapeutic agents [13] . However, the concentration of proteins and growth factors in natural hydrogels can vary between batches, and confounding factors such as undefined matrix components can influence tumor cell behavior [14] .
Alternatively, hydrogels made from synthetic materials such as poly(ethylene glycol) (PEG), poly(lactic acid) (PLA), and poly(vinyl alcohol) (PVA) have relatively welldefined structures with tunable chemical compositions and mechanical properties (e.g., stiffness) [15, 16] . Synthetic hydrogels also provide 3D architectural support for tumor cells and have been shown to maintain cell viability even in the absence of endogenous matrix components; however, these gels are usually supplemented with ECM proteins, growth factors, and other bioactive molecules in order to optimize tumor cell growth and survival [17] [18] [19] . Both natural and synthetic hydrogels can be used alone or in combination with other 3D culture methods including tumor spheroids.
Tumor Spheroids
In contrast to 2D monolayers, adherent tumor cells cultured in 3D tend to self-assemble into multicellular aggregates known as spheroids. Tumor spheroids are more mimetic of solid tumors in vivo with respect to cellular heterogeneity, metabolic and proliferative gradients, and gene expression. Specifically, spheroids typically contain a well-oxygenated outer layer of proliferating cells, a hypoxic inner layer of quiescent cells, and a necrotic core [20, 21] . Multicellular spheroids may consist of tumor cells alone or as co-cultures with stromal, endothelial, and immune cells. The 3D cell culture methods used to generate tumor spheroids include both scaffold-based (e.g., hydrogels) and scaffold-free (e.g., forced floating, hanging drop) platforms.
Scaffold-based methods for spheroid growth involve embedding or encapsulating tumor cells within natural or synthetic hydrogels that mimic the ECM. As previously discussed, the presence of endogenous matrix proteins and growth factors in these gel matrices not only support the organization of tumor cells into 3D spheroids but also promote the formation of migratory and invasive structures, significantly alter gene expression patterns, and affect cellular response to anti-tumor drugs [4] [5] [6] [7] .
On the other hand, scaffold-free platforms do not use a gel matrix support. Tumor spheroids produced by these methods are generated in suspension culture. One relatively simple approach is the force floating method which utilizes an ultralow attachment plate to prevent tumor cell adhesion to the surface. Instead, cells aggregate to form multicellular spheroids [22, 23] . Another scaffold-free approach is the hanging drop method during which tumor cells in suspension aggregate into spheroids under gravity. Specifically, small aliquots of cell suspension are dispensed onto a Petri dish lid that is subsequently inverted to allow droplets to hang [24] . Various spheroid culture array plates have also been developed to better stabilize hanging drops [25, 26] . This 3D tumor culture model generates a large number of spheroids with uniform size and morphology which is suitable for biochemical assays and high-throughput screening of therapeutics [25, 27, 28] .
Limitations of 3D Cancer Models for Bone
Tumors originating in the breast, prostate, and lung frequently metastasize to other organs, including bone [29, 30] . In addition to interacting with bone-resident cells, tumor cells also come into contact with the mineralized bone matrix, which is orders of magnitude more rigid than soft tissues [31, 32] . Simple 3D models like hydrogels and tumor spheroids improve upon 2D culture methods used to investigate soft tissue tumors and provide structural support for 3D cell growth and adhesion that resembles that of cells in their native environment. However, these approaches fail to recapitulate the mechanical and physical properties of bone which should be considered when investigating tumor interactions with bone, especially mechanically responsive genes. Tissue engineering and scaffolding approaches have been employed to develop biomimetic 3D constructs in order to study metastatic tumors in bone. In fact, hydrogels and other organic ECM components are often combined with more rigid scaffolding materials like ceramics, polymers, and composites to better mimic the bone microenvironment (discussed later in this review).
3D Bone Models
The field of bone tissue engineering has traditionally been focused on regenerating or repairing bone through the development of bone tissue-engineered constructs (TECs). However, advances toward creating TECs for in vivo applications have led to progress in designing biomimetic in vitro models for studying bone biology, disease progression, and drug screening in the bone microenvironment. 3D in vitro bone models have been proposed to aid in bridging the gap between 2D culture and animal models for diseases and medical conditions such as osteomyelitis [33] , bone fracture healing [34, 35] , and, as will be discussed in this review, tumor metastases. In designing such TECs, studies investigating properties of the constructs indicated that characteristics including rigidity [32, 36] , pore size [37, 38] , pore shape [39] , and curvature [40] all affect cell behavior. Tissue engineers have been working toward creating TECs with precisely controlled physicochemical, mechanical, and structural properties that not only replicate human bone but also allow for the systematic and parametric study of how these factors influence disease progression and drug response.
Materials and Fabrication Methods
The first step in engineering in vitro models is designing the appropriate construct considering the in vivo microenvironment of interest. Bone stands apart from other nonmineralized tissues in that the rigidity of bone (1.7-2.9 × 10 10 Pa) is orders of magnitude higher than soft tissues (10 2 -10 6 Pa) [31, 41] . This unique rigidity necessitates TECs with high mechanical properties not attainable by hydrogels and other ECM-mimicking materials. On the other hand, materials used for cancer models vary widely depending on the origin of the tumor and would ideally exhibit an angiogenic capacity [42, 43] . Thus, in designing TECs for bone applications and 3D cancer models, engineers employ various materials and fabrication methods to create biomimetic matrices on which appropriate cell populations may be cultured.
First and foremost, materials must be biocompatible to avoid eliciting adverse cell responses in vitro. Since cells can sense and respond to the matrix, these biocompatible materials are carefully chosen for characteristics that will have the desired effect on the cell populations to be introduced. Mechanical properties, bioactivity, biodegradability, and chemical composition are characteristics that must be considered when choosing TEC materials for cancer and bone modeling alike. The robust mechanical properties of materials like ceramics, metals, polymers, and composites have rendered them the predominant materials used in fabricating bone TECs. While 3D models for soft tissue tumors are not necessarily subjected to the stringent rigidity restrictions, conferring ECM-like properties and surface modifications with specific proteins and growth factors are desirable to mimic the cancer microenvironment [44] .
Synthetic Materials
Multiple poly(α-esters) have been used extensively in bone tissue engineering and for cancer models including poly(caprolactone) (PCL) [45] [46] [47] , PLA [48, 49] , and poly(lactic-co-glycolic acid) (PLGA) [50, 51] . These are biocompatible and biodegradable polymers that have other biomaterial applications such as drug delivery. They have also been combined with hydroxyapatite and other ceramics to create composite materials that exhibit more bone-like qualities [52] . However, these materials have drawbacks that can limit their effectiveness in bone applications including slow degradation time (PCL), low mechanical properties (PLGA), and low cell adhesion. Polyurethanes (PUR) are a good alternative due to their tunable rigidity, biodegradability, and physicochemical properties [53] . Furthermore, the ease of PUR processing, high mechanical properties, and biostability makes them attractive materials for biomedical bone implants and other bone-mimicking materials. Poly(propylene fumarate) (PPF) has also been incorporated into TECs due to their biocompatibility, biodegradability, and high mechanical properties [54, 55] .
Natural Materials
Natural materials have been employed for bone TEC applications as well. Collagen is a versatile material that has obvious appeal for bone applications as it is the main protein constituent of bone and comprises~10% of bone matrix [56] . Collagen can be prepared into cross-linked solids or gels with varying mechanical properties and is intrinsically resorbable and bioactive. This makes collagen useful for a variety of applications including bone TECs, skin grafts, hydrogels, and sponges for wound healing [57] . Hydroxyapatite (HA) constitutes 50-70% of bone; therefore, HA and other calcium phosphate materials are also appealing for bone applications. Since HA is a ceramic material and not easily formed into 3D structures by conventional means, it is often combined with polymeric materials to create composites that impart both the osteoinductive benefits of HA along with the malleability of polymers. These main components of bone are enticing materials to use for bone TECs due to their physiologic relevance; however, other natural materials have been pursued as bonelike substrates. Silk is another biomaterial used in several biomedical applications because of its mechanical properties and versatility through its receptivity to chemical modifications. Silk can be molecularly engineered to confer specific properties onto the material such as cellular recognition and mineralization, and multiple studies have utilized silk as a biomaterial for studying bone metastases [58] [59] [60] . Researchers have even used bone cells alone to create TECs for studying cancer progression. In one such study, an osteoid matrix was constructed by long-term culture of osteoblasts in a bioreactor system prior to co-culture with tumor cells [61] .
Creating 3D Bone Morphology
In addition to substrate properties, it is important that biomaterials are able to be manipulated into relevant structures and 3D morphologies. Traditional methods to fabricate porous TECs from natural or synthetic polymers include gas foaming [62, 63] , particulate leaching [52, 64, 65] , or freeze-drying [50, 66] . While these methods are effective in creating porous scaffolds, they lack the control necessary to create specific architectures.
As the importance of structural properties on which cells are grown becomes more evident, biologists and engineers have looked to new avenues for creating TECs with well-defined architectures. Additive manufacturing (AM), also known as 3D printing, is perhaps the most widely used new technology for creating TECs due to its unparalleled ability to create precisely controlled geometries at increasingly fast speeds [67] . AM, defined as the layer-by-layer fabrication of parts directed by digital information from a 3D computer-aided design file, is an umbrella term that describes multiple methods for creating 3D constructs. These methods include fused deposition modeling [68, 69] , stereolithography [48, 70] , material jetting (inkjetting) [71] , and bioprinting [72, 73] . Other AM methods such as selective laser sintering (SLS) have also been implicated for use in biomaterials applications.
In addition to creating TECs with the appropriate physicochemical, structural, and mechanical properties, researchers are using bioreactors to more closely mimic physiologic flow conditions experience by cells in vivo. To do this, media is perfused through the TECs and circulated within the system, often using a peristaltic pump. Perfusion culture allows cells to experience physiologic shear conditions which are known to affect cell behavior [74] . Furthermore, perfusion culture allows for the flow of nutrients and other soluble factors that can keep cells viable for longer durations.
3D Bone-Tumor Models
Collaborations between biologists and engineers have fostered the combining of the discussed biomaterials and fabrication methods to create 3D bone-tumor models using TECs. These biomimetic models not only aim to confer the appropriate cell-cell interactions but also the appropriate cell-matrix interactions through the creation of TECs with precisely controlled properties that more closely replicate the in vivo bonetumor milieu.
One such study employed a 3D bioreactor culture system to first create a mineralized, multi-layered tissue of osteoblasts and subsequently co-cultured with osteoclasts and metastatic tumor cells to investigate tumor effect on matrix degradation [75•] . To create the 3D matrix, MC3T3-E1 murine osteoblasts were cultured for up to 10 months to create a 3D osteoid matrix. Osteoclasts were then introduced to the 3D culture, and subsequent matrix degradation was observed. After the addition of fresh MC3T3-E1s, the matrix was reformed, thereby suggesting that bone remodeling was occurring. Finally, metastatic MDA-MB-231 breast cancer cells were added to the 3D co-culture system. By confocal microscopy, it was observed that the cancer cells migrated toward sites of active remodeling which led to further degradation of the matrix. This study not only demonstrates the ability to study the bone remodeling process in vitro but also how this process can be disrupted in a diseased state. This system is also amenable to clinically relevant drug screening since it has a measurable physical outcome (matrix degradation).
In another high-impact study, porous silk fibroin scaffolds prepared directly from the silk fibroin protein of silk worms [76] were used in a 3D culture system to investigate the response of metastatic tumor cells to external stimuli in the presence of osteoblasts and mesenchymal stem cells (MSC) [77] . The silk fibroin scaffolds were hypothesized to be an ideal scaffold for investigating metastatic breast cancer behavior due to its mechanical properties in the range of adipose breast cancer in breast cancer patients, its inherent possession of Asp-Gly-Asp (RGD) peptide sequences known to promote cytocompatibility and cell adhesion, and based on the results of previous studies showing that MSCs undergo osteogenic differentiation on the scaffolds. Co-culture of MG-63 human osteoblast-like cells and MDA-MB-231 human breast cancer cells on the silk scaffolds resulted in a decrease in MG-63 population compared to that of the MDA-MB-231 despite being seeded at a 1:1 ratio. This suggests that the breast cancer cells were inhibiting growth of the osteoblasts, a finding that is supported by previous studies [78] . To take these findings a step further, the effect of the breast cancer cells on matrix mineralization was investigated using the same co-culture. Alizarin red staining and alkaline phosphatase activity indicated that matrix mineralization was lower on the scaffolds containing the breast cancer cells, further confirming the effect of tumor cells on osteoblast viability and function. Further studies in this system indicated that the co-culture significantly increases drug resistance, invasiveness, and angiogenicity.
In a more recent study from the same group, a similar 3D system utilizing silk fibroin scaffolds was used to screen anticancer drugs to understand its effect on the cellular interactions of the co-culture of MDA-MD-231 breast cancer cells and MG-63 osteoblastic cells [79•] . A targeted nanoparticle (NP) formulation for the anticancer drug, doxorubicin, was developed using a folate-conjugated silk fibroin polymer. This formulation was then introduced into the 3D co-culture system to test the efficacy of the drug in vitro as well as its targeting ability. After 14 days of co-culture, the viability of the cancer cells decreased while osteoblast morphology and density was not much affected by the presence of doxorubicin. Also noted was the IC 50 of the doxorubicin which was 10-fold higher in the 3D system than in the 2D, thus illustrating that tumor cell response to drugs can be drastically different in 3D compared to 2D. Further, they found that drug treatment reduced vascular endothelial growth factor (VEGF) expression and glucose consumption, suggesting a downregulation of angiogenic factors and slowed proliferation of cancer cells, respectively. While the effect of the targeted NP formulation did not necessarily produce notably improved results over free doxorubicin, this study shows that the 3D co-culture system is capable of screening anticancer drugs and outcomes in 3D are notably different than in 2D.
Other studies have incorporated mechanical loading into the model to test how mechanical stress affects bone and cancer cell behavior. One such study employed HAcontaining PLGA scaffolds under cyclic compression to investigate the interactions between MDA-MB-231 breast cancer cells and human bone marrow-derived mesenchymal stem cells (hBM-MSCs) in the mechanically stressed environment [80•] . Before investigating mechanical loading, HA-containing scaffolds were seeded with hBMMSCs and treated with tumor-conditioned media to observe how tumor-derived soluble factors influence osteogenic behavior. Interestingly, it was found that alkaline phosphatase (ALP) activity increased in the presence of tumor-conditioned media. This finding runs contrary to previous findings concluding that tumors tend to inhibit osteogenic differentiation. The authors suggest this could be a result of the early timing at which the hBM-MSCs were exposed to the conditioned media. Upon cyclic compression of HA-containing scaffolds seeded with hBMMSCs and supplemented with conditioned media from mechanically loaded MDA-MD-231, there was no notable effect on ALP activity as seen in the non-loaded case. However, gene expression of the osteogenic marker osteopontin (OPN) significantly increased when the hBMMSCs and MDA-MB-231s were mechanically loaded, and these findings were corroborated by measuring OPN protein levels. These data suggest that mechanical loading influences the interaction between hBM-MSCs and tumor cells through modulation of OPN levels. This study stresses the important role mechanical loading plays in bonetumor interactions, which emphasizes the need to further investigate the effects of dynamic mechanical forces on tumor progression in bone.
As stated earlier, additive manufacturing has become a valuable tool for in vitro modeling due to its ability to create precise 3D geometries. Considering that bone has a complex and intricate structure, it is perhaps not surprising that 3D printing has started to influence 3D bone-tumor modeling. A recent study utilized a stereolithography 3D printing technique to create HAcomposite scaffolds for modeling breast cancer bone metastases [81•] . First, a PEG-based ink was printed into several pore geometries including square and hexagonal. After choosing the optimal geometry (small square pores) based on cell proliferation of MDA-MB-231 cells, HAwas incorporated into the PEG ink (10% HA) and printed. The breast cancer cells grown on the HA-containing scaffolds proliferated significantly faster than the non-HA scaffolds, suggesting the HA component of bone promotes tumor proliferation. To study tumor cell migration on the HA-containing scaffolds, a non-metastatic breast cancer cell line (MCF-7) was also introduced and compared to the MDA-MB-231 cells. MDA-MB-231 cells cultured on the matrices migrated significantly farther than the MCF-7 in both the HA and non-HA scaffolds. They further tested the efficacy of the chemotherapeutic 5-FU in both the 3D and 2D environment. While 5-FU treatment did show efficacy in both environments, the efficacy was significantly less in 3D culture than in 2D. This study highlights the potential impact that 3D printing can have in in vitro modeling. It is evident from this study that curvature affects cell proliferation; therefore, it can be conjectured that 3D architecture may play an important role in tumor progression in bone.
Future of 3D Models
3D models have drastically improved over the past 5 years. However, existing 3D bone models only focus on a few aspects of the bone microenvironment. As researchers continue to study this niche, models will not only begin to incorporate more physical properties (rigidity, fluid flow, compression, pore size) but also different cell types (osteoblasts, osteoclasts, endothelial cells, fibroblasts, immune cells) (Fig. 1 ). This will be an exceedingly complex undertaking that will likely take many years to accomplish as well as a variety of expertise from different groups. Additionally, researchers have begun modeling dynamic cellular interactions and processes in bone using computational models in order to develop a more complete understanding of the bone microenvironment and to predict outcomes [82, 83] . These dynamic 3D models will significantly improve our ability to screen and develop new drugs to treat bone diseases including tumor-induced bone disease. One important objective is to increase usage of patient-derived cells in these 3D models to help predict patient outcomes to novel therapeutics. Fig. 1 The incorporation of additional physical and cellular components in 3D bone models will help increase our understanding of the dynamic interactions in the bone microenvironment
